Abstract The reports after major earthquakes indicate that the earthquake-induced pounding between insufficiently separated buildings may lead to significant damage or even total collapse of structures. An intensive study has recently been carried out on mitigation of pounding hazards so as to minimize the structural damages or prevent collisions at all. The aim of this paper is to investigate the effectiveness of the method when two adjacent three-storey buildings with different (substantially different) dynamic properties are connected at each storey level by link elements (springs, dashpots or viscoelastic elements). The results of the study indicate that connecting the structures by additional link elements can be very beneficial for the lighter and more flexible building. The largest decrease in the response of the structure has been obtained for links with large stiffness or damping values, which stands for the case when two buildings are fully connected and vibrate in-phase. Moreover, by comparing the effectiveness of different types of link elements, it has been confirmed that the use of viscoelastic elements reduces the peak displacement of the structure at lower stiffness and damping values comparing to the case when spring and dashpot elements are applied alone. On the other hand, the results of the study demonstrate that applying the additional link elements does not really change the response of the heavier and stiffer building. The final conclusion of the study indicates that linking two buildings allows us to reduce the in-between gap size substantially while structural pounding can be still prevented.
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(see, for example, Xu et al. 1999; Zhang and Xu 1999; Ni et al. 2001) . The optimal values for the distribution of viscous dampers connecting the buildings of different heights were determined by Luco and De Barros (1998) . Investigations on the dynamic characteristics and seismic response of adjacent structures connected by fluid dampers were conducted by Zhang and Xu (2000) , Yang et al. (2003) and Zhu and Xu (2005) . Another technique concerns installation of bumpers, shock absorbers or collision shear walls which can help in preventing sudden shocks due to collisions (Anagnostopoulos and Spiliopoulos 1992; Anagnostopoulos 1996; Anagnostopoulos and Karamaneas 2008; Polycarpou et al. 2013; Abdel Raheem 2014) .
The aim of the present paper is to investigate the effects of connecting two adjacent equal height three-storey buildings with different (substantially different) dynamic properties by link elements, as a strategy for mitigation of earthquake-induced pounding between insufficiently separated structures. Using the discrete three-degree-of-freedom numerical models of buildings, three cases have been studied. In the first one, spring elements have been applied as links at all the storey levels, link elements in the form of dashpots have been considered in the second one, whereas the third case deals with the application of viscoelastic elements combining both springs and dashpots. The effectiveness of link elements has been tested for different values of spring stiffness and dashpot damping and the optimum values required to obtain the largest reduction in the structural response have been analyzed.
Buildings separated by large gap size preventing pounding
For the purposes of the study, let us consider two adjacent three-storey buildings with different dynamic properties, which are separated by the gap size, d. The simplified model of the structures can be defined by using the discrete three-degree-of-freedom structural models with mass of each storey lumped at the floor level (see Fig. 1 ). The dynamic equation of motion of both structures for the case when the gap size is large enough to
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• right building: Table 1 for details) have been considered in the analysis. Generally speaking, the results for all of them show similar tendencies. Therefore, due to the space limitations, the examples of the representative results of the study obtained for the El Centro earthquake are presented in this paper. In particular, Fig. 2 shows the displacement time histories for all storeys of both buildings. The peak displacement values have been calculated as equal to: 0.0600, 0.1120 and 0.1429 m for the first, second and third storey of the left building (lighter and more flexible one), respectively. On the other hand, the peak displacement values of the right building (heavier and stiffer one) are equal to: 0.0088, 0.0153 and 0.0187 m for the first, second and third storey, respectively. Moreover, the gap size of d ¼ 0:14 m has to be assured so as to prevent pounding between analyzed structures under the ground motion.
Buildings linked by spring elements
Let us now consider the case when two three-storey buildings are linked at each storey level by spring elements (see Fig. 3 ). The dynamic equation of motion under earthquake excitation for the model shown in Fig. 3 can be written as (see Cimellaro and LopezGarcia 2011 and compare Eq. 1): ; _ xðtÞ 
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are the structural stiffness and damping coefficients; K B denotes stiffness coefficient of spring elements and € x g ðtÞ is the acceleration of input ground motion. It should be underlined that the above equation of motion is only valid for such values of stiffness coefficient of spring elements which are large enough to prevent structural pounding for the specified gap size between buildings.
In the analysis, the stiffness coefficient of spring elements, K B , has been changed from 0 to 8 Â 10 7 N/m. The time-stepping Newmark method with constant time step Dt ¼ 0:002 s has been used in order to solve the equation of motion (2) numerically. Different earthquake records (see Table 1 for details) have been considered in the analysis. The representative examples of the results of the study are presented in Figs. 4, 5 and 6. Figure 4 shows the peak displacements of the third storeys of both buildings with respect to stiffness
x 2 (t) It can be seen from Fig. 4 that the increase in stiffness value of spring elements is, generally speaking, beneficial for the response of the left building. In the case when stiffness is equal to zero (buildings are not connected and move out-of-phase with the response shown in Fig. 2) , the obtained peak displacements of the left building under the El Centro earthquake are equal to: 0.0600, 0.1120 and 0.1429 m for the first, second and third storey, respectively. For stiff linking with high stiffness value (buildings are fully connected and move in-phase with the response shown in Fig. 6 ), the obtained peak displacements of the structure are as small as: 0.0112, 0.0182 and 0.0213 m for the first, second and third storey, respectively. The obtained values for the left building under the El Centro earthquake, in the case of independent vibrations and stiff linking, show significant reductions in the peak displacements, equal to 81, 84 and 85 %, respectively. On the other hand, it can also be seen from Fig. 4 that applying the additional spring elements does not really change the response of the right building, apart from the ground motion analyzed. For the El Centro earthquake, the differences between the case of independent vibrations be ensured (see Fig. 5 ). In the case of spring elements with large stiffness of K B ¼ 8 Â 10 7 N/m, the in-between gap size can be reduced to nearly zero.
Buildings linked by dashpot elements
In this section, let us consider the case when two three-storey buildings are linked at each storey level by dashpot elements (see Fig. 7 ). The dynamic equation of motion under earthquake excitation for the model shown in Fig. 7 can be written as (compare Cimellaro and Lopez-Garcia 2011 as well as Eqs. 1 and 2):
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6 6 6 6 6 6 4 3 7 7 7 7 7 7 5 Similarly as previously, the earthquake-induced response of two three-storey buildings with different (substantially different) dynamic properties has been analyzed. The damping coefficient of dashpot elements, C B , has been considered to vary from 0 to 8 Â 10 6 kg/s. The time-stepping Newmark method with constant time step Dt ¼ 0:002 s has been used in order to solve the equation of motion (3) numerically. Different earthquake records (see Table 1 for details) have been considered in the analysis. The representative examples of the results for the El Centro earthquake are presented in Figs. 8, 9 and 10. Figure 8 shows the peak displacements of the third storeys of both buildings with respect to damping of dashpot elements, as the results of parametric study. Additionally, the displacement time
x 2 (t) It can be seen from Fig. 8a that with the initial increase in the damping coefficient value, a significant reduction in the peak displacements of the left building (lighter and more flexible one) has been obtained. However, after passing some threshold value, with further increase in damping coefficient, the response of the structure is nearly unchanged. In the case when damping of link elements is equal to zero, buildings are not connected and move out-of-phase with the response shown in Fig. 2 Fig. 10 ), the obtained peak displacements of the structure are as small as: 0.0089, 0.0155 and 0.0190 m for the first, second and third storey, respectively. The above values for the left building show significant reductions in the peak displacements, equal to 85, 86 and 87 % respectively, in the case when two cases are compared. On the other hand, it can be seen from Fig. 8b that applying the additional dashpot elements between structures does not really change the response of the right building (heavier and stiffer one). The differences between the case of independent vibrations (dashpot damping is equal to zero) and stiff linking (high value of dashpot damping) in the case of this building is as small as: 2.3, 2.0 and 2.1 % for the first, second and third storey, respectively. It can also be seen from Figs. 9 and 10 that linking two buildings by dashpot elements leads to the significant reduction in gap size value required to prevent pounding, similarly as in the case when spring elements are applied. By the use of dashpot elements with moderate damping of C B ¼ 5 Â 10 4 kg/s, the gap size of d ¼ 0:08 m should be ensured (see Fig. 9 ). In the case of dashpot elements with large damping of C B ¼ 8 Â 10 6 kg/s, the in-between gap size can be reduced to nearly zero.
Buildings linked by viscoelastic elements
A reasonable solution is to combine spring as well as dashpot link elements together. The dynamic equation of motion under earthquake excitation for the model of two three-storey buildings linked by such viscoelastic elements can be written as (compare Eqs. 2 and 3):
where all vectors and matrices of the above equation are defined in Eqs. (2) and (3). The parametric analysis has been conducted so as to verify the effectiveness of viscoelastic link elements in mitigation of pounding effects and reduction of structural vibrations. The investigation has been conducted for different values of spring stiffness and dashpot damping coefficients. When one parameter has been changed, the value of the second one has been kept constant. The following basic values have been considered in the analysis: K B ¼ 5 Â 10 6 N/m, C B ¼ 5 Â 10 4 kg/s. Different earthquake records (see Table 1 for details) have been considered in the analysis. The representative examples of the results of the study for the El Centro earthquake are presented Figs. 11, 12, 13, 14 and 15 . In particular, Fig. 11 shows the peak displacements of the third storeys of both buildings with respect to stiffness of viscoelastic elements, while Figs. 11a and 12a indicate that with the initial increase in stiffness (damping) values, a decrease trend in the obtained top storey displacements of the left building has been observed. Then, with further increase in the analyzed parameter, the peak storey displacements remain nearly unchanged showing significant reduction. Such results could be expected based on previous findings described in Sects. 2 and 3. It should be underlined, however, that the application of viscoelastic elements reduces the peak displacements of the lighter and more flexible structure at lower stiffness and damping values comparing to the case of spring and dashpot elements applied alone (compare especially Figs. 4a with 11a) . On the other hand, the results from Figs. 11b and 12b show insignificant changes in the behaviour of the right building. Moreover, the peak displacements for this heavier and stiffer building show quite similar results as those obtained for spring and dashpot elements applied alone (compare Figs. 4b with 11b as well as Figs. 8b with 12b) . It can also be seen from Figs. 13, 14 and 15 that linking two buildings with viscoelastic elements results in significant reduction in gap size value required to prevent pounding, similarly as in the case when spring as well as dashpot elements are applied. By the use of viscoelastic elements with moderate stiffness of K B ¼ 5 Â 10 6 N/m and moderate damping of C B ¼ 5 Â 10 4 kg/s, the gap size of d ¼ 0:07 m should be ensured (see Fig. 13 ). In the case of viscoelastic elements with large stiffness of K B ¼ 8 Â 10 7 N/m or large damping of C B ¼ 8 Â 10 6 kg/s, the in-between gap size can be reduced to nearly zero. 
Conclusions
The investigation on the effectiveness of connecting two adjacent three-storey buildings by link elements, as a strategy for mitigation of earthquake-induced structural pounding, has been presented in this paper. Applying the discrete three-degree-of-freedom numerical models of buildings with different (substantially different) dynamic properties, three cases have been studied. In the first one, spring elements have been applied as links at all the storey levels, link elements in the form of dashpots have been considered in the second one, whereas the third case deals with the application of viscoelastic elements combining both springs and dashpots. The results of the study clearly indicate that connecting the structures by additional link elements can be very beneficial for the left building (lighter and more flexible one), for which its behaviour can be substantially improved. The largest decrease in the response of the structure has been obtained for link elements with large stiffness or damping values, response of the right building (heavier and stiffer one). In the case of this structure, the differences in the responses without and with link elements (even those with large stiffness or damping values) are negligible. The final conclusion of the study indicates that connecting two buildings by additional link elements allows us to reduce the in-between gap size substantially while structural pounding can be still prevented. The numerical simulations help the engineers to select the appropriate parameters in terms of stiffness and damping coefficients that fulfil the desired mitigation strategy in the case of practical application of link devices. The installation process of the devices requires fixing some supporting tools in both structures at specified locations (see the example described by Pratesi et al. 2014) . These tools may include steel plates and flanges in which the link elements are fastened. Anchor bolts for fixing the steel plates in the reinforced concrete portions might be required. These anchor bolts have to be designed so as to be capable of withstanding the exerted forces during the earthquake. Then, the additional link elements can be connected to the steel plates through bars. These bars should be screwed to both ends of the steel plates. It is worth noting that the link elements can be used to connect newly constructed buildings as well as to retrofit old structures (Pratesi et al. 2014 ).
In the study described in this paper, an example concerning two adjacent equal height buildings with different (substantially different) dynamic properties has been considered. Therefore, further investigations are required, which should be focused on different configurations of structures, i.e. with different number of storeys and dynamic properties. The analysis should also include the case of adjacent buildings which have unequal floor levels and the slabs of one structure hit the columns of the other. This situation may result in the development of critical shear state in columns, since the demands of flexural ductility can more safely be satisfied (Karayannis and Favvata 2005a, b) . Therefore, the application of link elements for buildings with unequal floor levels is possible under the condition of achieving the requirements of avoiding shear failure in columns likely to undergo contact.
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